Reconstructing meandering paleo-channels is attracting global research attention. We implemented a novel method by comprehensively integrating migration models and sedimentary structures. Firstly, the migration architectures of the corresponding characteristics in planform and cross-sectional models were summarised as expansion, translation, expansion and translation, expansion and downstream rotation, constriction and downstream rotation, and expansion and countercurrent rotation models. Secondly, full continuous core data from 270 dense drilling wells were collected from the Daqing Oil Field in the Songliao Basin, China, providing information on rock textures, sedimentary cycles, and boundary information for the two layers being studied. Through a comprehensive analysis of dense drill cores and logging data, the abandoned channels and the initial and final channel centrelines were identified. Consequently, four profiles, including one longitudinal and three transverse sections, were constructed to reveal the cross-sectional structures and planform migration architecture. Profile interpretation revealed the evolution from the initial channel centreline to the final centreline. Using a method of rational interpolation, we were able to reconstruct the migration architecture of the meandering channels. The results showed that the average ancient bankfull width (W c ) was approximately 100 m, a single meandering belt was 800 m, the radius of the curvature was 250 m, the length of the channel bend was 700 m, the average meander wavelength was 1300 m, the sinuosity was 3.0, and the annual average discharge rate was 450 m 3 /s. Furthermore, we compared the results from empirical equations, which verified that our reconstruction is both feasible and potentially widely applicable.
geomorphology, and other physical processes (Güneralp et al. 2012) . Previous studies have characterised meandering channel migration behaviour and shape (Brice 1974; Hickin 1974; Hooke 1984; Gutierrez and Abad 2014; Schwendel et al. 2015; Lin et al. 2017 ) and predicted meander evolution by analytical and numerical models (Johannesson and Parker 1989; Abad and Garcia 2006; Frascati and Lanzoni 2009; Kasvi 2015; Langendoen et al. 2016) . Field-based studies using terrestrial LiDAR for bank morphology can also help to interpret river bed and planform morphology (Abad et al. 2013; Konsoer et al. 2016) . Surficial strata in meandering channels have been studied using ground-penetrating radar (Neal 2004; Schrott and Sass 2008; Słowik 2014 Słowik , 2016 . Moreover, migration patterns have been recognised and analysed in modern deposits but are seldom inferred from ancient fluvial deposits. The different planform migration modes for modern bends may be associated with soil properties (Güneralp and Rhoads 2011; Motta et al. 2012a, b) , vegetation, and riverbed material (Abad and Garcia 2009; Abad et al. 2013) , and bend migration patterns may be associated with floodplain-rather than channel-dominated controls (Motta et al. 2012a) .
Despite the vast amount of research done in modern environments, there has been little assessment of ancient meandering channels. Research on ancient fluvial systems is limited by difficulties in recognising meandering channel migrations and transformations (Jackson 1976; Nami 1976; Leeder and Nami 1979) . The paleo-morphodynamics of meandering bends have been primarily reconstructed with seismic time slices . Modern laboratory and field-based approaches suggest that channel bend migrations are related to hydrodynamics, sediment transport, channel adjustment, original planform shape (i.e. sinuosity), vegetation (Perucca et al. 2007) , and morphological and geological constraints (Chen and Duan 2006; Smith et al. 2009; Motta et al. 2012a, b; Mendoza et al. 2016) . The above factors are derived from modern environments and are difficult to link directly to ancient environments since their morphology is completely buried (Tornqvist 1993; Donselaar and Overeem 2008; Frascati and Lanzoni 2009; Cuevas Martínez et al. 2010; Ielpi and Ghinassi 2014) .
Although the research methods and sedimentary environments differ between ancient and modern fluvial deposition, the evolutionary mechanisms and characteristics of river planform dynamics might follow similar hydrodynamic and sediment transport processes Ielpi and Ghinassi 2014) . It is important to characterise sand bodies of subsurface meandering belts in ancient environments to further explore for favourable hydrocarbon reservoirs. It is difficult to analyse ancient meandering dynamics based only on logging and seismic data, considering that most reservoirs are buried several thousands of metres deep. However, it can be effective when dense drilling well data are available, as in the case of the Daqing Oil Field in China. By integrating the planform distribution and cross-sectional structure of a meandering paleo-channel, this study attempted to reconstruct the evolutionary process of a paleo-channel belt.
Geological background
The Songliao Basin, with an area of 2.6 9 10 5 km 2 , is the largest and most important petroliferous basin among the 66 Mesozoic/Cainozoic basins in northeastern China (Feng et al. 2010) (Fig. 1a) . The axis direction of the basin is north-easterly (Wang et al. 2007) , and the area is approximately 330-370 km 2 wide and 770 km long (Du et al. 2011) . The Songliao Basin is located among a combination of discontinuous and amalgamated landmasses (Wang et al. 2013) , and its tectonic evolution can be divided into four stages: mantle upwelling and doming, rifting, post-rift thermal subsidence, and structural inversion (Feng et al. 2010) . Subsequently, the basin can be divided into four first-order tectonic units: the northern plunge, central depression, west slope, and southwest uplift zones (Sorokin et al. 2013) . Furthermore, the basin is an important oilproducing basin in China, with 53 oil and 27 gas fields (Feng et al. 2010) . Among these, the Daqing Oil Field is located in the central area of the basin (Fig. 1a) .
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Lower cretaceous ( K2) Fig. 1 The descriptive sedimentological terminologies for meandering channel processes in this study are mainly from Harms et al. (1975) , whereas the hierarchical descriptive terminologies for small-scale bedding structures are derived from Collinson et al. (1982) . On this basis, the architecture of a meandering belt was recognised along the longitudinal meandering belt instead of the transverse, which is an efficient way to reconstruct the subsurface reservoir architecture . In particular, ancient meandering channels are more difficult to identify because they are buried thousands of metres deep. Some important terminologies used in this study are explained before dissecting the sedimentary structure of the meandering belt. The architecture hierarchy of meandering channels is characterised by both channel and overbank deposits (Wu et al. 2008; Ielpi and Ghinassi 2014; Miall 2014) . The architecture hierarchy can be divided into nine scales according to the newest classification by Miall (2014) (Fig. 2a) and some architecture units need to be detailed. When a meandering river shifts from one side to the other along the alluvial plain over time, a series of meandering scrolls are formed and a single channel belt appears (Fig. 2b) . As this process repeats and more channel belts gradually develop, a complex meandering belt will ultimately take shape. Different periods of a single channel belt constitute the complex meandering belt as shown in Fig. 2b . A point bar of a meandering river is a depositional unit made of alluvium that accumulates on the inner bank and is indicative of the lateral migration deposition of a river (Figs. 2, 3 ). Moreover, with alluvium migration and deposition at the point bar, lateral accretion bedding forms in the cross section. The point bar can also be divided into three portions: upstream, central, and downstream bars. In modern environments, these portions can be easily identified by observing flow direction and sediment deposition. However, for ancient meanders, the paleo-current flow from the upstream to the downstream bar is identified by drawing analogies to modern environments, because the volumes of downstream bar tails are convergent, whereas those of upstream bars are divergent.
Planform architecture elements of meandering channels are shown in Fig. 3 , which demonstrates a single meandering belt, showing the migration channels during river evolution. Based on the primary and secondary flows in a meandering channel, erosion (deposition) occurs along the concave (convex) bank (Abad and Garcia 2009; Hubbard et al. 2011; Smith et al. 2011) and is associated with a dip change from concave to convex bank orientation. The direction of internal dip parallel to the meandering loop axis is the largest and named the 'true dip', whereas the direction of internal dip is away from the meandering loop axis, which is known as the 'apparent dip' (true dip [ apparent dip) (Fig. 3B-B 0 profile). Additionally, when the internal dip sets change direction, it may indicate that the channel pattern converts into another. Furthermore, the riffle zone is located in the bend inflection where one-way transverse circulation transforms into parallel circulation (the down-cut ability of parallel circulation is weak), which usually carries sand and results in thin sand body accumulation.
Channel migration patterns
River migration patterns are of great significance in guiding the reconstruction of ancient channels. Migration patterns determined in this study are comparable to the results of other studies that have investigated using Google Earth maps and outcrops (Nami 1976; Ghinassi et al. 2014; Lin et al. 2018) . These migration patterns include six planform migration models, which have been successfully used to reconstruct a modern fluvial system by (Shan 2017) . These characteristics are observable on Google Earth (Fig. 4) . Expansion increases bend curvature (by reducing the curvature radius), flow path length, and channel sinuosity, while the bend apex migrates transversely along the floodplain (Fig. 4a) . Translation maintains channel sinuosity, while the bend apex migrates parallel to the channel belt axis in the downstream direction (Fig. 4b ). Expansion and translation combines the expansion and translation features (Fig. 4c ). Expansion and downstream rotation produces downstream-oriented bends (Fig. 4d) . Constriction and downstream rotation decreases bend curvature, sinuosity, and amplitude, while the bend apex migrates downstream; this transformation is usually accompanied by the cut-off process (Fig. 4e) . Finally, expansion and countercurrent rotation produces downstream-oriented bends with the final bend becoming upstream-oriented (Fig. 4f) .
At this point, we considered what the corresponding relationship between the planform and cross-sectional models of meandering channels was, i.e. the corresponding characteristics between the distribution of lateral accretion bedding and channel morphology, which was also significant to the reconstruction of the paleo-channel. Ghinassi et al. (2014) and Ielpi and Ghinassi (2014) attempted to describe the dip angle change of the lateral accretion bedding. They concluded that the angle of lateral accretion bedding of the upstream bar is greater than that of the downstream bar, and it is therefore possible to relate them to hydrodynamic force differences, i.e. upstream water power is stronger than downstream water power, resulting in a deeper incision upstream and a steeper dip angle. Furthermore, different migration models demonstrate different characteristics in terms of angle changes of Fig. 2 Hierarchy of architectural elements of meandering channels: a hierarchy of architectural scale; b relative planform and stratigraphic signature [modified after (Ielpi and Ghinassi 2014; Miall 2014)] the lateral accretion bedding, enabling the identification of different migration models from differences in the distribution of the lateral accumulation. The different migration patterns are summarised as follows: (1) The expansion model (Fig. 5a) shows that the dip angle decreases parallel to the longitudinal meandering belt axis in the downstream direction (C-C 0 profile), and the inner lateral accretion bedding has an approximate symmetrical bell shape. On the transverse section, the dip angle increases as the viewpoint moves away from the meandering belt axis (D-D 0 profile). (2) The translation model (Fig. 5b) 
(4)
( 6 ) The expansion and downstream rotation model is universal compared to other migration models in both modern and ancient sedimentary environments and can be identified by the migration direction of the bend apex upstream or downstream. These migration patterns are distinguished in the following manner: Using a subsurface meandering paleo-channel as an example, the bedding dip is important evidence for the inner channel. When the bend rotates upstream, a dip-paralleled profile records the transformation of the internal bedding dip angle combination (i.e. the pool migrates away from the profile upstream; stages 2-3 in profiles D-D 0 or C-C 0 , Fig. 5g ). In contrast, in downstream rotation, a dip-paralleled profile records an initial decrease in the internal bedding dip, followed by an abrupt increase (e.g. stages 1-2 in profiles D-D 0 or C-C 0 , Fig. 5g ). Upstream or downstream migration leads to different dip patterns, and these rotations are generally associated with changing hydrodynamics, e.g. alternating flood and drought seasons. In addition, rotational mechanisms are associated with increasing bed dips (Ielpi and Ghinassi 2014) . Unstable angles are an important trigger factor, and high flood stages improve the probability of pool migration. In fact, inconsistent variation in dip angles indicates the rotation of point bars. Although the response characteristics are obvious in an outcrop section, it is not yet possible to accurately identify the distribution of lateral accretion bedding under the limited conditions of subsurface viewpoints, and this needs further research.
Database and methodology
The data sets used in this study comprised dense well data from the Daqing Oil Field in the Songliao Basin, China, which includes full continuous core data and considerable well-logging data from 270 dense drilling wells. The well spacing is 80-150 m. Based on the comprehensive interpretation of well and core data, the complex meandering belts were reconstructed with a combination of migration patterns of the meandering paleo-channels, which can only be observed in dense wells. Fig . 5 Corresponding relationship between the planform and cross-sectional models of migration patterns. a-f Similar to that in Fig. 4 ; g stages (1-4) of pool zone migration modified after Ielpi and Ghinassi (2014) Petroleum Science (2018) 15:722-743 729 With this full coverage of multiple wells, four key profiles are illustrated, and core data were collected for each profile. By integrating the core structure, lithological successions, small layer correlations, and scouring surfaces with those of previous studies, each of these profiles was interpreted and identified as the various stages of a meandering belt.
Here, we take Profile 1, belt b as an example to briefly introduce the research ideas (Fig. 6 ). The reconstruction of the meandering paleo-channel can be summarised as follows: firstly, by using comprehensive analyses of dense well cores and logging data, the abandoned channels were identified, as shown in Fig. 6a . The lateral accretion bedding was revealed by core and log data analyses, which could further be used to identify the early and late abandoned channels. Furthermore, the abandoned direction of the river indicated the migration direction, and the initial and final channel centrelines could subsequently be inferred in plan view (Fig. 6b) . Due to the distance between the wells and the underground conditions, the sedimentary process between the initial and final centrelines could not be identified. The evolution from the initial to the final centreline could thus be speculated by the rational interpolation method (Ruiu et al. 2016) . As shown in Fig. 6a , a total of 16 evolutionary stages of channel centrelines were reconstructed.
Moreover, the limited well spacing conditions were used to reveal the distribution characteristics of the lateral accretion bedding. Combined with the changes of lateral accretion bedding and their corresponding relationship to the planform structure as shown in Fig. 5 , different migration modes were identified in each section as shown in Fig. 6c . After recognising the migration modes in each profile, the migration architecture of the entire study area was determined, and, on this basis, the evolution and reconstruction of the course of the meandering paleo-river could be completed. Fig. 6 Identification method of the migration models of paleomeandering channels: a identification of abandoned channels taking bend b (Fig. 7c-B) as an example; b establishment of the initial and final centrelines and the rational interpolation of evolutionary processes; c identification of different channel bends and migration patterns
Sedimentary elements of meandering channels
Although the application of the above conceptual model has been reported in previous literature (Bridge et al. 2000; Ghinassi et al. 2013) , this method was applied to the Daqing Oil Field, where extensive well data were available, thus enabling detailed sedimentological characterisation of the ancient planform migration modes. This study presents the relationships between lithofacies and environmental elements. All lithofacies were coded (Table 1) following the descriptions by Miall (1977 Miall ( , 1985 , and Waksmundzka (2010 Waksmundzka ( , 2012 .
Lithological facies codes
The large scale of cross-stratified sets was difficult to interpret due to limited viewpoints provided by core and lithological data. For example, it was impossible to distinguish between planar cross-stratification (Sp) and trough cross-stratification (St), and thus large-scale stratification had an objective existence. These bedding were coded using 'x' (e.g. Sx). However, this study emphasised architecture elements of point bars rather than stratification dimensions. These associations probably contain Sp based on sedimentary environment analysis. In contrast, the study of scouring boundaries in channel bottoms is more important in identifying the different evolutionary stages of rivers. The original lithofacies were combined, reclassified, and coded following descriptions by Miall (1977) , Waksmundzka (2010) , and Ielpi and Ghinassi (2014) , as shown in Table 2 .
Identification of key architectural elements
The complex meandering belt structure of the subsurface network of well data was characterised by both inner channels and overbank deposits, whose architectural elements were mainly composed of point bars and channel fills. The classification developed for this study (using interpretation from multiple drilling holes) agreed with that of previous studies (e.g. Feng et al. 2010) . Table 1 Lithology and stratification code symbols, modified after Miall (1977 Miall ( , 1985 , and Waksmundzka (2010 Waksmundzka ( , 2012 Inner channel elements composed of point bars (derived from all kinds of migration modes of meandering bends) and channel fills accounted for almost 48% of planform exposure after meandering channel sedimentation in the Yaojia Formation. Furthermore, the lithology of the inner channel was relatively coarser and better preserved in the riverbed than in the overbank deposits. The overbank elements included a crevasse system, channel-levee, and finegrained floodplain fills. These elements accounted for approximately 52% of the planform exposure, and therefore the preservation potential of overbank sediments was limited due to reworking by rechannelling, cut-off, and neighbouring channels. Thus, overbank elements were relatively poorly preserved, whereas upper-layer overbanks were better preserved.
6 Reconstruction of meandering paleochannels
Profile interpretations
Profile 1: this profile (Fig. 7) extends from the north to south of the study area (parallel to the axis of the longitudinal meandering belt or valley). Flow direction and erosional boundaries were obtained based on data from well logs and cores. Because the pre-meandering belt suffered from powerful reworking, the earlier point bar of Layer 1 was incompletely revealed, making it difficult to reconstruct. In addition, most exposures were late-stage meandering belts at the end of the fluvial deposition period in the Yaojia Formation. Therefore, the interpretation of the meandering belt in this study focused on Layer 2 (see Fig. 7b ). Bends (A) (wells 6-28) and (B) (wells 43-116) showed erosive boundaries that suggest the interface of two channels with traction flow mechanisms. Based on observations in drill cores and interpretation of adjacent well data (Fig. 7a) , the initial and final channel centrelines are sketched in Fig. 7c and show the process of centreline migration by rational interpolation (Fig. 7c-A-F) . Bend (A) migrated from left to right and rotated upstream ( Fig. 5c-A) , whereas bend (B) migrated from left to right but rotated downstream (Fig. 7c-C) . The results indicate that bend (A) migrated upstream with expansion, while the apex (pool zone) migrated transversely away from the channel belt axis and developed an asymmetric shape. The late-stage channel superposed on an earlier channel in well 60, indicating that channels of two stages were penetrated. Bend (B) partially reworked the downstream bend (A). Bends (C) and (D) are from wells 170-262 on the profile. Numerous wells revealed the scouring surfaces, and the channel centreline distribution mode is shown in Fig. 7c -C. The migration of bend (C) was downwards, whereas that of bend (D) was in the opposite direction ( Fig. 7c-D) . The results indicate that bend (C) migrated with the expansion and rotation mode, deviating away from the meandering belt axis, whereas bend (D) migrated with the same mode but in the opposite direction. Paralleling the longitudinal meandering belt axis, the segment bend size was smaller relative to other bends. Furthermore, according to data from well 213, bend (D) superposed onto bend (C).
Bend (E) is from wells 292-367 on the profile. The segment parallels the longitudinal meandering belt axis, combining adjacent wells and core observation results, the scouring surfaces were revealed due to an earlier channel being eroded by a later one. The initial and final channel centrelines are shown in Fig. 7c -E. The migration of bend (E) was upwards with multi-looped expansion deviating away from the meandering belt axis and becoming more complicated over time.
Profile 2: this profile ( Fig. 8 ) extends in a west-east direction transversely across the meandering belt. Bend (A) was characterised by a single meandering belt with relatively large curvature, whereas bend (B) showed a highly tortuous segment superposing upon the earlier bend (A) (Fig. 8) . Furthermore, bend (A) migrated with the expansion mode, deviating from the meandering belt axis, whereas bend (B) migrated by the expansion and rotation mode, paralleling the meandering belt axis.
Bends (C) and (D) were from wells 78-70 on the profile. This profile shows meandering channels from two periods that were superposed on each other (Fig. 8) . Bend (C) was characterised by high curvature, whereas bend (D) was characterised by a relatively low curvature and onlaps. Furthermore, bend (C) migrated with the translation and expansion mode, deviating from the meandering belt axis downstream.
Profile 3: this profile (Fig. 9 ) extends from west to east transversely across the meandering belt. Meandering channels from two stages are superposed on each other in Fig. 9 . Bend (A) was characterised by a relatively low curvature, whereas bend (B) showed a highly tortuous bend, which was prone to cut-off. The initial channel centreline of bend (A) was completely eroded whereas bend (B) migrated with the expansion and rotation mode, paralleling the meandering belt axis (Fig. 9) .
Bends (C) and (D) were from wells 213-216. Two-stage meandering channels with cut-off structures (i.e. light blue line representing original channel centreline and blue line representing the final channel centreline) were interpreted and supported by abundant core data (Fig. 9) . Bend (C) was characterised by low curvature accompanying a cut-off in the earlier stage of growth. The cut-off was adjacent to bend (C), which developed before forming a residual point bar, whereas bend (D) was characterised by chute channel formation. This chute segment was inferred from an inflection in bend (C), which migrated with the translation and expansion mode, deviating from the meandering belt axis downstream. Conversely, bend (D) was characterised by an exceedingly low curvature, indicating a lower tortuous meander evolution process, and migrated with the expansion mode, deviating away from the meandering belt axis downstream (Fig. 9 ). Profile 4: this profile segment (Fig. 10) extends from wells 302-312. Two-stage meandering channels appending a chute channel (light green line representing initial channel centreline and green line representing the final channel centreline) were interpreted with multi-stage superpositions and supported by the core data (Fig. 10 ).
Bend (a) was characterised by medium curvature accompanying a cut-off at the earlier growth stage (Fig. 10c-A) . The chute channel was superposed on bend (B), which developed later. Furthermore, bend (A) migrated with the expansion and rotation mode, deviating from the meandering belt axis upstream and creating a chute channel with the translation mode at an earlier stage. Lastly, bend (B) was characterised by lower curvature with the expansion and rotation mode upstream (Fig. 10c-B 
Reconstruction of meandering paleo belt architecture
Based on the detailed results and analysis shown in Fig. 11 , the upper layer of the meandering belt was reconstructed with overlapping fine-grained sediments, leading to the preservation of Layer 2. In contrast, the preservation of Layer 1 was inferior because it was destroyed by a latestage meandering channel with powerful undercutting behaviour. The complex meandering belt revealed that the ancient meandering channel easily changed its course, creating a chute channel and cut-off bends. Additionally, a large number of factors affect the formation and evolution of the meandering belt by influencing various variables. These factors include climate, sediment load, resistance of banks, and bed to movement by flowing water. Among these variables, the high-frequency cut-off is one of the predominant controlling factors in the formation of the complex meandering belt. Figure 11 shows an approach to the reconstruction of the ancient meandering belt by combining preliminary results of ancient and current flow analyses. The single meandering belt (blue line) was assembled from different profile portions in the final stage, and the entire channel had a downstream north-south direction. However, in general, the ancient flow of the cut-off bend appeared well 308, a small abandoned channel formed after chute behaviour (Fig. 11) ; the pale green dotted line presents the initial centreline and deep green presents the final channel centreline. After the comprehensive reconstruction of the migration models in each profile, the reconstruction of the complex meandering belt of the study area was ultimately completed as shown in Fig. 12 .
Discussion
A series of 2D, connected well profiles of fluvial deposits demonstrated depositional behaviour and vertical heterogeneity of lithofacies within the meander belt. Although the dense well pattern improved the accuracy of the interpretation, there were still some areas without data, which created uncertainty in the interpretation of the structure. Furthermore, complex channelised reworking increased uncertainty (Eschard et al. 1991; Miall 1994; Miall and Jones 2003; Ielpi and Ghinassi 2014) , and the isochronism of chronostratigraphic correction influenced the results.
Expansion, translation, rotation, and aggradation
Meandering bend expansion (Figs. 4a, 12c ) increases curvature, flow path length, and sinuosity, and the bend apex migrates away from the meandering belt axis (Jackson 1976; Ghinassi et al. 2013) . Meandering bend translation (Figs. 4b, 12b ) was characterised by a bend apex parallel to the meandering belt axis without an obvious change in sinuosity aside from the translation and expansion mode. On the other hand, meandering bend rotation (Figs. 4d-f, 12a) was characterised by increasing bend asymmetry, an apex shifting away from the meandering belt axis, and a nonlinear migration path. The upstream point bar crawled on or was intercalated with the downstream point bar, which indicated strong expansion of the meandering belt (Fig. 12c) . Furthermore, more upstream point bar deposits from the meandering belt axis were well-preserved during continuous expansion (Fig. 12d) . During meandering channel transport and deposition, almost all of the upstream bar suffered from partial erosion, leading to thalweg trajectories of the expansion mode migrating downstream. In contrast, those of the translation mode migrated upstream, indicating the paleo-current direction (Fig. 12) . The continuous expansion and rotation mode could have led to higher frequency cut-offs because the expansion mode tended to form cut-offs. Moreover, the rotation mode was more prone to form chute channels, which may form a branch channel within a certain period of time. Channel aggradation was a more important depositional pattern, and its rate was derived from the direction of thalweg trajectory migration. The denser and steeper the trajectory was, the higher the rate of aggradation became, and the easier it was for the meandering belt to form. In general, a high rate of aggradation indicates that the back bar is prone to roll on, even erasing the front bar, thereby making it difficult for chute channels or cut-offs to form. A higher aggradation rate is closely related to strong hydrodynamic conditions. Conversely, a lower aggradation rate with gentle or straight thalweg trajectories indicates that erosion occurs with a higher frequency. In addition, high aggradation rates are prone to form accretion bedding, whereas lower aggradation rates form lateral bedding.
Cause and control factors of meandering channel formation
The capacity for sediment transportation and bank material composition are important factors that influence the river planform. Planform formation is also related to its own adjustments to achieve sediment transport equilibrium (Qian 1985) , and consequently, sinuosity gradually increases. However, this equilibrium is relative; throughout the evolution history of a meandering channel, it is continually adjusting before eventually stabilising (Gutierrez and Abad 2014) . In addition, the meandering channel can be divided into high and low sinuosity at the critical value of 1.7, which is derived from a large number of meandering channels (Schumm and Lichty 1963; Leeder 1973) . Furthermore, sediments of high and low sinuosity meandering channels are different from each other (Ghinassi et al. 2016) . Under relative strong hydrodynamic conditions, the coarse sediments carried by the channel generally exhibit weak lateral accretion, while those fine sediments exhibit strong lateral accretion.
The identification of a single bend from a complex compound meandering belt contains uncertainty due to the complexity of generations among the bends, and therefore estimation and reconstruction of a subsurface meandering belt are difficult. For extremely complex cases, the meandering belt is unrecoverable. Hence, this is a huge systematic project that can be improved continuously by increasing well density.
Comparison of results from empirical equations and actual reconstruction
The real channel depth may be influenced by a great variety of factors, such as compaction, erosion, and interactions between different channels of different stages. However, the study strata of Layer 2 are in the late evolutionary stage at the end of the fluvial deposition period in the Yaojia Formation, thus attention can be paid predominately to the interpretation of compaction. The meandering belt studied here was characterised by channels with a mean depth of 5 m from the channel interpretations of the profiles above. This should be considered a minimum thickness to account for post-depositional compaction. Furthermore, the original bankfull depth (Gibling 2006) should be considered for recovery. Sediment volume is gradually reduced through loss of interparticle porosity (Feng et al. 2010) , and, therefore, when results based on research on modern channels are used to estimate quantitative parameters, the ancient sedimentary thickness should be restored to pre-surface levels through a decompaction correction. Thus, a quantitative correction between modern and ancient sediments was established to acquire the geometric and hydraulic parameters using an empirical equation based on modern sediments. Magara (1973) presented an equation for burial depth and porosity based on clay analysis:
where u 0 is the initial surface porosity, u is the buried porosity, and C is the compaction coefficient (m -1 ). Hegarty et al. (1988) generalised this equation for application to all types of sandstone and mudstone and obtained another compaction coefficient C. Therefore, the thickness (sandstone and mudstone)-burial depth equation is as follows: thickness. The initial porosity of sandstone is 45% and its empirical C is 0.00025. Thickness after post-depositional compaction was calculated using these initial thickness data before compaction (20 m, 30 m, 40 m, …, 90 m), and the results are shown in Fig. 13 . Based on the abovementioned empirical relationship, compaction rates are summarised in Table 3 . Using the rates in Table 3 , the 5-m-thick channel sandstone from a depth of 1100 m was restored to its original thickness of approximately 5.8 m.
The equations used in this study are presented in Table 4 . Equation 1 is from Leeder (1973) , Eqs. 2-5 are from Williams (1986) (Table 2 , Eq. 30-33), Eq. 6 was compiled by the authors, but based on Leeder (1973) and Williams (1986) (Table 2 , Eq. 40), and Eq. 7 is from Carlston (1965) , albeit slightly modified. D is the mean bankfull depth, R b is the channel bend radius of curvature, L m is the meander wavelength, S is channel sinuosity, L b is the along channel bend length, W c is the mean bankfull channel width, Q is the annual average discharge rate, and W m is the meandering belt width.
Using the above-mentioned restored paleo-channel thickness values, other relevant parameters could be estimated by using the empirical equations compiled by Williams (1986) and based on instances of modern sediments with sinuosities of C 1.2, combined with the hydrodynamic equation of Carlston (1965) (Table 4) .
The results showed that the reconstruction parameters were in accordance with the estimates from the seven empirical equation in Table 4 , except for bend 2, which was slightly larger (Table 5 ). In comparison, the larger geometric parameter values from the equations ( Table 4 , Eqs. 1-7) indicated that these statistical estimates were highly approximate or were due to an equation derived from the uncompacted modern sediment samples, and the thickness therefore seems exaggerated. Bend 2 ( Fig. 10 ) was characterised by a translation migration mode (Fig. 4b) , whereas bend 3 experienced expansion (Fig. 4a) . Contrasting with the results shown in Table 5 , bend 2 showed a stronger hydrodynamic force, and this kind of bend is prone to downstream migration with an erosional upstream bar and overlapped downstream bar under strong hydrodynamic conditions.
Conclusions
1. An investigation based on Google Earth images (Fig. 4) showed that meandering channel migration patterns are characterised by expansion, translation, rotation, expansion and translation, expansion and downstream rotation, constriction and downstream rotation, and expansion and countercurrent rotation modes, but the meandering channel migration patterns were mainly composed of the above-mentioned migration models under natural conditions. The expansion mode was prone to cut-offs because of continuously increasing sinuosity when the path length reached a certain critical value. The neck of the bend was cut and formed an abandoned channel. Furthermore, the rotation pattern more easily formed chute channels because of continuously increasing sinuosity combined with strong hydrodynamic forces and increased the probability of a crevasse and chute channel. 2. From estimations made using empirical equations, the ancient mean bankfull width (W c ) was approximately 100 m, the single meandering belt mean width was approximately 800 m, the mean channel bend radius of curvature was approximately 250 m, the mean along channel bend length was approximately 700 m, the mean meander wavelength was approximately 1300 m, the channel average sinuosity was approximately almost 3.0 (S [ 1.7 was high sinuosity), and the annual mean discharge rate was approximately 450 m 3 /s. For multi-layer fluvial successions, the lower portion was more easily eroded, and therefore it was difficult to completely preserve the bottom meandering belt. On a geological timescale, the meandering channel was more prone to reworking. During meandering channel evolution, the direction of diverging thalweg trajectories indicated that the upstream bar was subjected to powerful erosion, whereas the downstream bar experienced expansion, translation, or rotation. 3. The results from seven empirical equations and the actual reconstruction agreed, indicating that ancient sedimentary thickness should be restored to original surface levels through decompaction correction to acquire the real geometric parameters of the meandering channel. Otherwise, the results would be smaller than the actual values. 4. The structure of ancient meandering channels is exceedingly complex and, in terms of geological time, tends to have continuous cut-offs that contribute to meandering belt formation. Table 5 
